INTRODUCTION
In the Metalworking Industry the design and the control of the processes have been traditionally based on the experience and, sometimes, considered as an art; trial and error methods are still being very frequently applied, but they are inefficient technically and also economically. The application of numerical methods, as it is well known in these days, reduce the costs of the design and elaboration processes and, moreover, contributes to the improvement of the product quality. The main objective of the numerical simulation is to determine the best way to produce good-quality parts. Nevertheless, this technique requires the complete knowledge of the mechanics of the deformation developed during the process: the mechanical behaviour of the material and the influence of variables such as friction, geometry, tools, temperature, ...
In this work the authors present the simulation of the cold compaction of a two-level powder metallurgical part using the ABAQUS Finite Element code. The plastic behaviour of these metallic powders has been represented by means of the Drucker-Prager/CAP model, defined for geological materials. To simulate the ejection and, in general, the elastic strain, a pseudo-linear model of elasticity has been applied.
THE MODEL
The mechanical behaviour of metallic powders during their cold compaction is being represented by means of some models previously defined for geological materials. However, nowadays the aggregates of metallic particles are considered as frictional, nearly non-cohesive and granular materials.
But, they realized that most of the materials that they were studying showed plastic strain from the first stages of the loading process; therefore, during the loading path L-L' in Fig. 1 , the material is yielding continuously up to the failure, or ultimate state, which can be considered as the last yield surface; moreover, during the successive yielding the material hardens. This behaviour can be represented by means of a series of yield surfaces, the hardening caps, previous to the failure. This idea was first proposed by Drucker, Gibson and Henkel [4] and represented as it is shown in Fig. 2 . For simplicity, these authors supposed that the caps were of circular shape, but it depends on the material and it can be experimentally determined.
DiMaggio and Sandler proposed [5, 6] But, some experimental results [1, 7, 8, 9] show that a Drucker-Prager failure surface together with the , k). On the failure surface the material does not suffer mechanical strain hardening; the behaviour corresponds to a perfectly plastic material in the classical sense; but, the states of stress on this surface produce plastic, permanent, volumetric deformation. The line L-L' corresponds to a loading path. After [3] .
Figure 2: Mechanical behaviour of strain hardening granular materials, after [3] .
Figure 3: Caps and failure surface in the CAP Plasticity model, after [6] ; k is a hardening/softening parameter.
hardening caps of the type of those defined by DiMaggio and Sandler, would be a better way to model the behaviour of these materials. Then, this Drucker-Prager/CAP model, represented in Fig.  4 , is the one applied in this work, and implemented by means of the finite element code ABAQUS [10] .
In terms of the deviatoric, q, and hydrostatic, p, stresses the equation describing the failure surface is:
where β is the angle of friction, and d represents the cohesion of the material.
The cap yield surface has an elliptic shape and is mathematically described by means of the following expression:
a is the hardening/softening parameter, related to the hydrostatic compression yield stress, p b
The model implemented here, as it can be seen in Fig. 4 , has a transitional region between the two already described extreme surfaces, defined by means of a parameter α [10] .
. R is a material parameter controlling the eccentricity of the cap.
Plastic flow is associated on the cap, but non associated on the failure surface. Therefore, the flow potential surface is of the type shown in Fig. 5 .
The part corresponding to the cap, G c , is identical to the cap yield surface, f 2 . But, it is necessary another elliptical portion in the failure and transition regions providing the non associated flow component in the model: 
s and G c
Elasticity
form a continuous and smooth potential surface. In these materials the mechanical response usually involves changes of volume; therefore, the hardening/softening behaviour is described by means of relating the mean stress and the volumetric strain (Fig. 6) .
The elastic behaviour of metallic compacts is non linear [11, 12] . But, in this work the following density dependent law, proposed by [9] , has been applied to represent the elasticity during the compaction and ejection of the material:
where, E is the Young's modulus of the material during its compaction; ρ and ρ o
SIMULATION
are, respectively, the density and its initial value, and K and α are parameters of the material which can be experimentally determined.
Parameters of the Material
The material of interest in this work is a pre-alloyed, iron based and atomized powder, manufactured by Höganäs, the DISTALOY AE, which contains 4% of nickel, 1.5% copper, 0.5% molybdenum and 94% of iron. The material tested has been prepared by means of adding to this powder 1% of wax and 0.5% of graphite. The bulk density of this mixture is 7.33 Mg/m 3 To implement the model of Plasticity described in the previous section, 6 parameters concerning the yielding are needed: d, β, R, p . b , p a and α. Their determination has not been specially done for this paper; they are provided by previous works. The cohesion strength, d, and the friction angle, β, the failure line parameters, were obtained by the authors from Brazilian [13] and uniaxial compression [7] tests. The cap eccentricity, R, experimentally tested by means of triaxial compression tests on cylindrical specimens, has been taken from [14] . The hydrostatic compression yield stress, p b , for this material and, therefore, its hardening p b -ε p v , curve, were determined by [9] . The hardening parameter, p a , can be calculated from the following relationship: Finally, α, is a small number (between 0.01 and 0.05) defined by the FEM code ABAQUS [9] , used in this work as a tool of simulation. This parameter gives a smooth transition between the cap and failure surfaces. The parameters for the elasticity, defined by means of the equation (3), are, following [9] : K=8757 MPa; α=5. These data have been obtained from cyclic tests on samples.
= 0.653 MPa, and α= 0.01. The hardening curve is represented in Fig. 7 .
The Component and Tools
The part object of this simulation is a bushing, pressed by Fax [15] and with the geometry drawn in Fig. 8 .
In spite of being a common shape in the PM Industry, some problems can be derived due to gradients of density as a result of the filling stage. Actually, this feature is not yet known in detail and the simulation of the compression supposes an homogeneous initial distribution of density in the loose powder. The ejection of the compact is, also, a critical stage; spring-back in a such heterogeneous piece can produce its fracture. In the compaction of this part, four punches (Figure 9 ) act simultaneously. The kinematics presented in this work consists of moving these tools simultaneously but with different velocities and strokes. The objective is to produce a compact with an average final density of 6.8 Mg/m 3 In the simulation presented here, a uniform initial density of 3.04 Mg/m after ejection. The model consists of only a quarter of the total part due to the symmetries in the compaction stage. However, the ejection of the compact has been simulated with a half of the part because of the effect of friction. Tools have been considered to be rigid; then, only the powder and its behaviour have been studied, with the mesh presented in Figure 10 . Fig. 11 shows the void ratio distribution of the part at the beginning (left) and at the end (right) of the compression stage. In general, the density is quite homogeneous over the entire piece, except, as it was expected, in the corner, where the densification level is clearly lower. Nevertheless, no cracks have been observed during the process.
This situation constitutes the initial state in density for the ejection stage of the process. In fact, the complete mesh used to carry out the simulation of the ejection of the compact is, as it has been explained before, a half of the total part (Fig. 12) .
The ejection of the aggregate has been simulated by means of the implicit code of ABAQUS. The P1, P2 and P3 punches and the die are moved back progressively one after the other, and the compact becomes free. Fig. 13 represents the evolution in the material´s flow with the movement of the tools during this process.
No cracks appear, but they are differences in density due to the non-uniform initial state; the regions more dense have more intensive elastic strain during the unloading stage; then, the final part has bigger gradients in density than after the compaction.
CONCLUSIONS
1. With the current knowledge about the mechanical behaviour of these materials, the DruckerPrager/CAP model of Plasticity represents rather well the response of the metallic powders to their compaction. There is an important lack in experimental data, especially in the region of failure. 2. The elasticity of the metallic compacts has been traditionally represented by means of a law relating stress and strain throughout a Young´s modulus dependent on the density. But the results obtained testing samples, show new aspects that need to be incorporated into a better law. The elastic equation applied in this paper seems to be more appropriate to represent the spring-back during the ejection. 3 . In this work the authors present the best process among many others also studied. The sequential and selective method to move back the tools improve the quality of the final part: its density distribution is more homogeneous and no cracks appear. Again, the use of simulation tools is a very efficient procedure to design components and processes. The possibility of combining explicit and implicit codes becomes a very useful tool in solving such non-linear problems.
